Abstract-Computational models and methods for predicting secondary structure of RNA sequence are in demand. Based on MFE principle and the relative stability of the n-stems in RNA molecules, Minimum Free Energy method is adopted widely to predict RNA secondary structure. An improved heuristic algorithm is presented to predict RNA pseudoknotted structure, and it can compute arbitrary pseudoknots. The algorithm requires O(n 3 ) time and O(n 2 ) space. This algorithm not only reduces the time complexity to O(n 3 ), but also widens the maximum length of the RNA sequence. The preliminary experimental test on the RNA families in PseudoBase shows that the algorithm is more effective than the existing algorithms.
I. INTRODUCTION
The secondary structure of an RNA molecule is the set of base pairs in the three dimensional structure of the molecule, RNA secondary structure prediction is the first step to predict RNA tertiary structure from RNA sequence, and RNA pseudoknotted structure prediction including pseudoknots is a classical problem in bioinformatics. Mfold algorithm presented by Zuker [1] has become one of the most widely used methods for RNA secondary structure prediction, which has the predicted accuracy of about 73%, but Mfold algorithm can not predict pseudoknots and more complex tertiary structure. RNA secondary structures including pseudoknots are found to be critical in some biological functions. Rivas and Eddy have presented PKNOTS polynomial time algorithm based on energy including pseudoknots for RNA pseudoknotted structure of predigesting model [2] , whose time complexity and space comlexity are O(n 6 ) and O(n 4 ) respectively. The problem for predicting RNA pseudoknotted structure including pseudoknots is NP-complete [3] . Algebraic dynamic programming algorithm for predicting RNA pseudoknotted structure including simple planar pseudoknots was proposed by Jens and Robert. Its time complexity is O(n 4 ) and space complexity is O(n 2 ) [4] . Suboptimal foldings of an RNA molecule are of instructive significance [5] . Pseudoknots are apparently used to mimic tRNA structure [6] . Finding the best pseudoknotted structure including arbitrary pseudoknots has been proved to be NP-hard [7] . Jihong Ren and Baharak Rastegari present HotKnots, a new heuristic algorithm for the prediction of RNA pseudoknotted structures including pseudoknots [8] .
This paper presents a heuristic algorithm based on the idea of iteratively forming stable stems and minimum free energy principle including pseudoknots. We implement the algorithm in VC++.
For a RNA sub-sequence of more than 1000 bases in RNA pseudoknotted structure, the algorithm can use less than 3 minutes averagely to complete the computation on dual 3GHz Intel(R) processors with 2GB RAM.
II. HEURISTIC ALGORITHM
A. Terminology 1)RNA Sequence: RNA sequence S=s 1 s2…s n , s i ∈ {A,U,C,G}, |s|=n, 1≤i≤n. 2)Pseudoknot: s i .s j and s i' .s j' ∈S, if i<i'<j<j', then the sequence si…s i' …sj…s j' composes the pseudo-knotted structure. 3)MFE: Minimum Free Energy. 4)Stem: suppose that R is a RNA molecule with length n, R f =r i r i+1 r i+2 ...r i+k-1 and R l =r j r j-1 r j-2…r j-k+1 are two subsequences of R, if the bases in R f and R l are mutual pairs in turn, namely, (r i +m, r j -m)∈ {(A, U), (U, A), (G, C), (C, G), (G, U), (U, G)}, 0≤m≤k-l, k≥2, then R f and R l form a stem, which we write it as S(i, j, k), and we say that R f is forepart of stem S, R l is the back part of stem S, k is the length of stem S. B. The Dynamic Programming Algorithm 1) Similar to the Mfold algorithm, we use a dynamic programming algorithm for predicting pseudo-knotted structures. Given s=s 1 s2…s n , s ij =si…s j , 1≤i＜j≤n W(i,j) and V(i,j) can compute as follows: The algorithm output the pseudoknot-free pseudoknotted structure with minimum free energy, and we use the thermodynamic parameters of Turner.
III. THE HEURISTIC ALGORITHM WITH PSEUDOKNOTS

A. Algorithmic Design
The pseudoknots can be composed by the overlapping of n-stems. The energy of base pairs is negative in nstems, the greater the number of base-pairs is , and the lower the energy in n-stems. We use a heuristic algorithm to compute maximum stem and design an algorithm for predicting a pseudoknotted structure including pseudoknotes. The principle of the algorithm is described as follows: at first, we search the maximum n-stem in sequence, compute the energy and pseudoknots of n-stem, and mark the maximum n-stem in sequence. Then we search the hypo-maximum m-stem in sequence, compute the energy and pseudoknots of m-stem. Analogy in turn, until without stems in sequence. The algorithm time complexity is O(n 3 ).
B. Algorithmic Principle
E pseu is the energy value of RNA pseudoknotted structure. A 1 is the weight of pseudoknots, S b is the number of pseudoknots, P b is the number of bases for pseudoknotted structure, A 2 is the weight of P b , N b is the number of no base for pseudoknotted structure, A 3 is the weight of N b , A 4 is the weight of coaxial stacking.
2) Heuristic Algorithm
Step 1 E←0, E nest ←0, E pseu ←0.
Step 2 Compute total energy value of RNA folding structure E=E nest +E pseu . E nest is the energy value of nest structure, E pseu is the energy value of pseudoknotted structure. Define array R[i,j] to save stems and free energy value E.
Step 3 S← φ , V← φ , P←0.
Use S to save the finded m-stems in RNA molecule, use V to save relative energy value in m-stems, use P to save the amount of pseudoknots according to E pseu . Step 6 Compute the amount P of pseudoknots in sequence Se.
Step 7 Compute the energy E nest and E pseu according to the parameters of Turner.
Step 8 Compute the energy E according to E nest and E pseu .
Step 9 Output S, E according to the free energy V from low to high and the amount P of pseudoknots similarity.
3) Algorithm Analysis
Time complexity
In the process of marking the maximum stem in the algorithm, we move pointers only without exchanging chars. The time complexity of computing the amount P of pseudoknots and energy value E is lower than O(n 2 ). We use mainly twofold circles in searching the istem(i=1…n). The first circle searches the forepart of istem, and the second circle searches the back part of istem(j=1…n). The time complexity of the first discovered i-stem is O(cn 2 ) (k is constant). Suppose the worst case: we find the first layer number is c 1 
Space complexity
We use only two dimension array R[i,j] in the process of searching the maximum stem to save the stem and the energy value, so the space complexity is O(n 2 ).
4) Experimental Results
We compute the energy value of stem including pseudoknots, the energy value refers to paper [9, 10] . The algorithm can compute pseudoknotted structure of the more stems in RNA molecules, we use the RNA subsequence in the PseudoBase to compute in the experiment [11, 12] . The experimental results indicate that the algorithm has above 83 percent accuracy of prediction averagely. The algorithm can predict more than 1000 nucleotides in RNA molecules. The computing accuracy of the algorithm descends with the increasing of the RNA molecules in length. Four experiments can be computed completely in 50 seconds. The total computing accuracy is valuable, its computational accuracy outperforms the existing algorithms, such as ILM algorithm [13] , MWM algorithm and PKNOTS algorithm etc.The structural alignment of RNA is found to be a useful computational technique [14, 15] in our experiments.
IV. CONCLUSION
The HeurSearch algorithm can be accomplished in O(n 3 ) time with the space complexity of O(n 2 ). ILM algorithm requires O(n 4 ) time and O(n 2 ) space to compute the RNA pseudoknotted structure containing pseudoknots. In terms of the sensitivity and specificity of prediction, the algorithm outperforms the other algorithms. The predicting speed of the algorithm is fast and can deal with a great deal of bases. The algorithm can compute arbitrary nested pseudoknots composed of internal loops, bulges and multi-loops, it can also compute crossed pseudoknots. So the algorithm can compute more complex nested and crossed pseudoknots than JR algorithm. The computing experimental results indicate that the algorithm can predict nested structures and pseudoknotted structures.
